RESEARCH
G ene expression analysis is essential for understanding many aspects of plant biology. Collective changes in gene expression during development or as a result of alterations in environmental and experimental conditions can be identifi ed using microarray analysis (Schena et al., 1995) , diff erential display (Liang and Pardee, 1992) , Serial Analysis of Gene Expression (SAGE) (Velculescu et al., 1995) , cDNA amplifi ed fragment length polymorphism (AFLP) analysis (Bachem et al., 1998) , and suppression subtractive hybridization (SSH) (Diatchenko et al., 1996 , Li et al., 2002 . Microarray technology off ers the advantage of being able to simultaneously compare gene expression levels of many genes from diff erent tissues or from diff erent experimental treatments in well-studied model organisms. In less-characterized organisms where there is very little sequence data available, valuable tools such as diff erential display, SAGE, SSH, and cDNA AFLP analysis are used for identifying differentially expressed genes. However, other methods such as Northern analysis (Alwine et al., 1977) and semiquantitative (Spencer and Christensen, 1999) , competitive (Wang et al., 1989; Gilliland et al., 1990) , and real-time reverse transcription-polymerase chain reaction (RT-PCR) (Higuchi et al., 1992 (Higuchi et al., , 1993 are generally used to validate the expression of selected genes at diff erent stages of development or over a wider range of experimental conditions.
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ABSTRACT
Quantitative real-time reverse transcriptionpoly merase chain reaction (RT-PCR) provides an important tool for analyzing gene expression if proper internal standards are used. The aim of this study was to identify and evaluate reference genes for use in real-time quantitative RT-PCR in perennial ryegrass (Lolium perenne L.) during plant development. Partial sequences of nine L. perenne housekeeping genes were obtained by RT-PCR using degenerate primers designed from the corresponding genes in closely related species. Primers for quantitative RT-PCR were designed based on partial sequences. The housekeeping genes were evaluated for their expression stability in different tissues at various stages of development. The analysis found that eEF-1α and eIF-4a were the most stable and β-TUB was the least stable of the genes tested when all tissues were analyzed together. Analysis by geNorm indicated that the four most stably expressed housekeeping genes 25S rRNA, and GAPDH) should be utilized when normalizing gene expression during plant developmental studies. For root crown tissues at different stages of development, eIF-4a and 25S rRNA were the most stably expressed of the housekeeping genes tested. In leaf tissues, eEF-1α and UBQ5 were the most stably expressed of the housekeeping genes tested. We found that using two housekeeping genes as reference genes is suffi cient during RT-PCR gene expression studies when analyzing either root crown or leaf tissues during different stages of development.
In experimental techniques used to verify diff erences in gene expression, the quality and quantity of RNA is often demonstrated by gel images showing the integrity and intensities of the 18S and 28S rRNA bands for these methods. Northern analysis represented the standard for gene expression analysis in the past and is still used. While Northern analysis is not aff ected by the presence of inhibitors and small amounts of genomic DNA, only a limited number of samples can be analyzed at once and genes that are expressed at low levels are diffi cult to detect. Another drawback to Northern blot analysis is its limited ability to quantify expression levels of genes due to the nonlinear response or limited dynamic range of signal detection associated with fi lm and imaging systems. Additionally, problems of cross-hybridization can occur when dealing with closely related members of a gene family. To avoid the resulting false positives, probes can be made to the less conserved 3′ or 5′ noncoding regions of closely related genes and blots can be reprobed. However, these additional steps are time consuming and tedious. Furthermore, as genomic analysis progresses, methods for analyzing gene expression at the level of individual tissues or cell types will become more essential. Quantitative RT-PCR off ers advantages in sensitivity and specifi city and has a broad range of detection. It is also valuable when studying rare transcripts or working with members of a multigene family or with small sample sizes (Bustin et al., 2005) . While quantitative RT-PCR has the added advantage of allowing the utilization of high-throughput methods, this method is only valid if proper internal controls are included.
Internal control genes or housekeeping genes are generally used to normalize RT-PCR expression analysis by minimizing diff erences caused by sampling techniques, the quality and quantity of RNA, the presence of inhibitors in certain tissues, and variations in the reverse transcription reaction itself. Proper internal control genes should be expressed consistently in various tissues, during diff erent stages of development, and with diff erent experimental treatments. Ideally, the gene(s) should also be expressed at levels similar to the gene of interest. It is very diffi cult to fi nd a single gene that is expressed consistently in all tissues during diff erent experimental treatments or at different developmental stages. It is often desirable or necessary to use more than a single internal control gene for normalization in expression studies.
Several reports describing proper selection and evaluation of multiple housekeeping genes as internal control genes for accurate normalization of real-time quantitative RT-PCR have been published (Vandesompele et al., 2002; Radonić et al., 2004) . Recently, various housekeeping genes were evaluated for use as internal control genes in diff erent plant species (Brunner et al., 2004; Iskandar et al., 2004 , Mukesh et al., 2006 . These studies have validated the necessity of utilizing multiple reference genes when evaluating quantitative RT-PCR data. In model organisms, the sequences of most housekeeping genes are readily available in public databases. Currently, there are limited molecular resources publicly available for forage and turfgrass analysis. To develop molecular tools for gene expression analysis in grasses, we identifi ed and tested nine housekeeping gene sequences from Lolium perenne, an important forage and turfgrass species. In this study we amplifi ed and sequenced regions of nine wellknown housekeeping genes (ACTIN 11, Cap Binding Protein 20, Eukaryotic elongation factor 1α, Eukaryotic initiation factor 4a, Glyceraldehyde-3-phosphate dehydrogenase, β-tubulin, Ubiquitinconjugating enzyme E2, Ubiquitin 5, and 25S rRNA) from L. perenne, designed primers for quantitative RT-PCR, and evaluated these genes for normalizing quantitative RT-PCR assays in multiple tissues during plant development. SYBRgreen assays were used to compare the mRNA transcription profi les of the respective genes in 15 diff erent tissues. The utility of these housekeeping genes as internal control genes for quantitative RT-PCR is presented.
MATERIALS AND METHODS

Isolation of Candidate Housekeeping Genes from L. perenne
Nine candidate housekeeping genes were selected for analysis in this study (Table 1) . Eight of the genes have known nucleotide sequences in various plant species, but not in L. perenne. Degenerate primers were designed based on reported sequences from closely related species (Table 1) . PCR was used to amplify homologous genes from L. perenne using leaf cDNA as a template. The amplifi ed products were sequenced and subjected to BLAST searches for identity verifi cation. The sequence of the β-TUB gene of L. perenne had been previously reported (Young et al., 2005) and was obtained from GenBank.
Plant Material and Growth Conditions
Lolium perenne var. Derby Supreme registered seeds (Cebeco International Seeds, Halsey, OR) were used to establish plants for this study. All plants, except for those used for the 2-wkold samples, were established by sprinkling 20 to 30 seeds in 0.3-m-diam. pots with Sunshine SB40 Grower's Mix (Sun Gro Horticulture Canada Ltd., Vancouver, BC). Plants were grown in a growth chamber and watered daily. For 2-wk-old samples, seeds were grown in germination boxes in a growth chamber. Approximately 50 seeds were placed on wetted blotting paper in clear plastic germination boxes (24 cm by 16 cm by 4 cm). A reservoir of water was kept in the bottom of the germination boxes at all times. Plant growth conditions are summarized in Table 2 and plant tissues harvested for gene expression studies are described in Table 3 .
RNA Isolation and cDNA Synthesis
Two samples (biological replicates) representative of each tissue or developmental stage were extracted from pooled tissue of several plants. Total RNA was extracted using Trizol (Invitrogen, Carlsbad, CA), according to the manufacturer's instructions for all tissues with the exception of root crown 2.5 μg RNA from each sample was reverse transcribed using the kit's oligo-dT primer in a reaction scaled up to 65 μL.
Primer Design and Real-Time PCR Analysis
Based on the DNA sequences of the PCR products we cloned, we designed real-time PCR primers using Primer3 software (Rozen and Skaletsky, 2000) . The primer sequences are shown tissue, where a small amount of insoluble polyvinylpolypyrrolidone was added to samples while grinding in liquid nitrogen to facilitate rupturing of cells. Additionally for root crown samples, a high salt buff er (0.8 M sodium citrate, 1.2 M sodium chloride) was added during the precipitation step in a volume equal to half the sample volume. This step helps to reduce polysaccharide and proteoglycan contamination (Chomczynski and Mackey, 1995) . RNA concentration and quality were measured using a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE). RNA quality was also assessed by agarose gel electrophoresis. Samples were treated with DNase using the Turbo DNA-free kit (Ambion, Austin, TX) as directed in the manufacturer's protocol. Following DNase treatment, RNA was again quantifi ed using the NanoDrop ND-1000 spectrophotometer. DNase-treated total RNA was reverse transcribed using SuperScript III Reverse Transcriptase (Invitrogen, Carlsbad, CA) according to the manufacturer's protocol. To produce cDNA for 25S rRNA expression analysis, 0.5 μg RNA from each sample was reverse transcribed with the kit's random primers in a total volume of 20 μL. For expression analysis of the remaining housekeeping genes, Accession numbers of closely related genes from other monocot species which were aligned to design degenerate primers shown in column 3. ‡ Primer sequence numbers are based on gene sequence of underlined homologs in column 2. § Genbank accession numbers assigned to partial clones obtained from L. perenne utilizing these primers are indicated below. ¶ Two accession numbers indicate that two highly homologous clones were obtained and RT-PCR primers were designed to amplify both genes.
in Table 4 . Each PCR amplifi cation contained 10 μL 2× QuantiTect SYBR Green PCR Master Mix (Qiagen, Chatsworth, CA), 600 nM of each primer, and 1 μL diluted cDNA (corresponding to 1 ng of RNA for 25S, and 10 ng of RNA for all other genes) in a total volume of 20 μL. No-template controls were also run for each primer pair. The real-time PCR amplifi cations were performed using the ABI Prism 7000 System (Applied Biosystems, Foster City, CA). Amplifi cation effi ciency for each set of primers was tested before the expression studies. For each primer pair, amplifi cation effi ciency was calculated as E = −1 + 10 (−1/ slope) (Radstrom et al., 2003) , where the slope is derived from a dilution series standard curve of leaf samples, 4-wk-into-vernalization. All amplifi cation effi ciencies were between 93 and 108% (Table 4 ). The expression stability reactions were performed under the following conditions: 15 min at 95°C, and 40 cycles of 15 s at 95°C and 1 min at 57°C in a 96-well reaction plate. To ensure the specifi city of PCR products, a dissociation curve analysis was performed for each sample (Ririe et al., 1997) . In addition, one sample from each plate was analyzed by agarose gel electrophoresis to verify that the product was a single band of the correct size. Two biological replicates for each sample were used for real-time PCR analysis and three technical replicates were analyzed for each biological replicate.
Data Analysis
We used SDS v1.2.3 RQ Study Application Software (Applied Biosystems, Foster City, CA) to collect the fl uorescence data. The cycle threshold, C T (the cycle at which the fl uorescent signal is signifi cantly diff erent from background), was determined for each reaction. Biological replicates were pooled to estimate average C T and standard deviation of C T for each sample. Grubbs' test (Grubbs, 1969) was used for detecting outliers, which were removed from the average C T calculation. In addition, any replicate showing nonspecifi c products in the dissociation curve analysis was removed. At least two of the three technical replicates and fi ve of the total replicates (from two biological samples) were included in the average C T calculations. geNorm v3.4 software (Vandesompele et al., 2002) was used to analyze gene expression stability. Raw expression values were calculated in Microsoft Excel using the average C T values and primer effi ciencies according to Vandesompele et al. (2002) .
RESULTS
Verifi cation of specifi city of real-time PCR products is shown in representative dissociation curves and agarose gel electrophoresis in Fig. 1 (for additional dissociation curves, see Supplementary Fig. 1 ). Average C T values for all transcripts except 25S rRNA ranged from 16 to 23 (Table 5 ). The average C T value for 25S rRNA was 6. Therefore, abundance of 25S rRNA was several orders of magnitude greater than that of other genes, especially if one considers that the amount of cDNA used in the realtime PCR amplifi cation was only 1/10 of that used for the other genes. Of the remaining transcripts, UBC was the least abundant and eEF-1α was the most abundant. The geNorm v3.4 software was used to calculate gene expression stability (M) for each internal control gene tested. For each gene, the program determines the pairwise variation with all other housekeeping genes as the standard deviation of the logarithmically transformed expression ratios. M is the average pairwise variation of a particular gene with all other control genes in a set. A lower M value denotes a more stable gene expression. The program then performs stepwise exclusion of the gene with the highest M value (lowest stability) until the two most stable genes are left (Vandesompele et al., 2002) . For our data set, eEF-1α and eIF-4a had the lowest M values indicating that they were the most stably expressed of the internal control genes tested when all tissues were included (Fig. 2A). The M value for β-TUB was the highest indicating that it was the least stably expressed of the genes tested in our samples (Fig. 2A) . Additionally, we included separate analyses for root crown and leaf samples. The analysis of the root crown samples showed that eIF-4a and 25S rRNA were the most stably expressed housekeeping genes and CAP was the least stably expressed (Fig. 2C) . For the leaf samples, eEF-1α and UBQ5 had the lowest M value, while β-TUB had the highest M value for this group of samples (Fig. 2B) .
It is often desirable or even necessary to use more than a single internal control gene for normalization in expression studies. Therefore, an additional function of geNorm is to calculate a normalization factor (NFn, n = the number of genes included) for the most stable control genes, then for other genes by stepwise inclusion of the next most stable gene. Afterward, pairwise variations (Vn/n + 1) between two subsequent normalization factors are calculated, indicating the eff ect of including one additional gene for normalization. If V is large, then inclusion of the subsequent gene for normalization has a signifi cant eff ect. The recommended cut-off value of 0.15 for V to be signifi cant was used in our study (Vandesompele et al., 2002) . When analyzing housekeeping genes using all of the tissue samples, the inclusion of the four most stably expressed housekeeping genes as internal control genes is optimal (Fig. 3A) . However if analyzing only root crown or leaf samples at diff erent stages of development, inclusion of additional housekeeping genes for internal control genes beyond the two most stably expressed genes would not have a signifi cant eff ect on the results (Fig. 3B and 3C ).
DISCUSSION
An ideal internal control gene for quantitative RT-PCR expression analysis should be expressed at similar levels in diff erent tissues and during exposure to diff erent experimental conditions. We report on the homology-based PCR cloning and sequencing of eight genes from L. perenne that are commonly used as reference genes for quantitative RT-PCR analysis in other species. Internal primers for quantitative RT-PCR were developed and tested for specifi city and effi ciency using SYBR-greenbased quantitative RT-PCR on the ABI 7000. All primers were gene specifi c and effi ciencies ranged from 93 to 108%. Effi ciencies were used in calculations for subsequent experimental data. To determine the optimal reference gene(s) for developmental studies, we measured the expression levels of nine housekeeping genes in 15 diff erent tissues. Our results show a large variation in gene expression of these housekeeping genes in diff erent tissues. Since amplicons from diff erent tissues were not sequenced, it is possible that amplifi cation of closely related gene family members in diff erent tissues could have contributed to poor stability of some genes. The most stable reference genes (lowest M values) were eEF-1α and eIF-4a. The M value for β-TUB was the highest indicating that it was the most variable of the genes tested on our samples. Based on geNorm analysis (Vandesompele et al., 2002) , the average (based on geometric mean) of the top four reference genes 25S rRNA, and GADPH) should be used to provide an acceptable reference for quantitative RT-PCR when analyzing multiple tissues at diff erent stages of development. Since the 25S rRNA gene is so highly expressed and requires the use of random primers for cDNA synthesis, it would probably be better to use UBC, which is the next most stable of the genes tested. For leaf tissues at diff erent stages of development, eEF-1α and eIF-4a were the most stably expressed of the housekeeping genes tested. In this case, there is no advantage to adding a third housekeeping gene for analysis. In the case of root crown tissues at diff erent stages of development, eIF-4a and 25S rRNA were the most stable of the housekeeping genes tested. As was the case for leaves, two housekeeping genes are suffi cient as reference genes when analyzing root crown tissues during diff erent stages of development and inclusion of a third reference gene would not be required. Again, considering the limitations of using the 25S rRNA gene, it may be desirable to use UBC, the next most stable gene for these samples. Our study indicates that multiple internal control genes are necessary when analyzing gene expression in diff erent tissues during developmental studies in L. perenne, and that two housekeeping genes are suffi cient when analyzing only root crown or leaf tissues throughout development. 
